Study of electrode phenomena by the cathode ray oscillograph by Pierson, John D.
A STUDY OF ELECTRODE PHENOMENA 
BY 
THE CATHODE RAY OSCILLOGRAPH. 
by 
JOHN D. PEARSON, BSc.(Edin.). 





The anodic and cathodic polarisation of platini 
in nitrogen saturated acid and alkaline solutions. 
Introduction. 1 
Experimental. 14 
Summary of experiments by previous 
workers. 17 
Experiments in normal sulphuric acid 
solution. 22 
Experiments in normal sodium hydroxide 
solution. 30 
















The anodic and cathodic polarisation 
of platinum in nitrogen saturated 
acid and alkaline solutions. 
INTRODUCTION. 
It can be shown on thermodynamic grounds that 
the E.M.F. of the cell, 
Hydrogen (Plat.Pt.) aqueous (Flat.Ft.) Oxygen 
1 atm. Solna 1 atm. 
should be about 1.2 volt, but it is usually about 
1.10 volt; hence the decomposition voltage of any 
aqueous solution from which the products are hydrogen 
and oxygen should be 1.1 volt approximately. With 
smooth platinium electrodes the decomposition voltage 
is actually 1.7 volt, hence the electrode material 
introduces an irreversibility or polarisation effect. 
Caspari(1)in 1899, made a systematic study of the potential 
at which hydrogen was evolved at various metal electrodes 
in dilute sulphuric acid solution. In all cases, 
except that of platinised platinium, an excess negati \e 
potential was required before hydrogen evolution 
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2. 
commenced. The difference between the actual potent /al 
at which visible bubble evolution commenced and the 
thermodynamically reversible value was called the 
"Overvoltage". He succeeded in placing the metals 
a series of increasing overvoltages, and this series 
corresponds to the order of activity of the metal in 
(catalysing reactions in which hydrogen takes part. 
Haber(2)also studied this phenomena and came to 
the conclusion that the hydrogen overvoltage was 
caused by a gas film obstructing the passage of ions 
from the solution to the electrode. 
The concept of overvoltage was extended by Tafel 
who measured the difference between the potential of 
an electrode at which hydrogen was being evolved by 
electrolysis at a definite current density and that 
of a reversible hydrogen electrode in the same solutión. 
The variation of the overvoltage with the current cant, 
be represented by the following equation: - 
I = ke 
-bV 
where I is the current density, V the overvoltage, and. 
b and k constants. Tafel found that b was approximately 
equal to F /2RT, where R is the gas constant and F the; 
electrochemical equivalent. 
According to Tafel the liberation of molecular 
hydrogen occurs in two stages: - 
(1) ri + F = 
(2) H + H = H2 
If either of these stages occurred slowly the process. 
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would not be thermodynamically reversible. Hence 
there would be no hydrogen evolution at the reversibl 
potential, any retardation of the discharge of hydrog 
ions to molecules would,therefore, result in polarisation. 
Tafel considered that the first stage took place with 
extreme rapidity and that the second stage was the 
slow one, which resulted in the accumulation of atomi 
hydrogen at the cathode. Tafel supposed this atomic 
hydrogen was electromotively active and set up a 
potential difference according to the Nernst formula 
E = Eo- RT log CH 
CH+ 
where CH and CH+ represent the concentrations of atoe 
and ionic hydrogen. Now the value of CH in the 
vicinity of the electrode will be determined by, (1) 
its rate formation and (2) its rate of combination to 
form free molecules. 
According to Tafel we have, 
- dCH = K(CH)n 
dt 
In the stationary state 
I = K(CH)n 
CH = KnV-` 
E = E , - 0.057 log I 
n 
where Ec = E - RT log 1 
Fn Cu 
or E = a - 0.057 lo +I 
where n cannot be less than 1. 
4. 
If the reaction is a bimolecular one, as might 
be expected, n = 2 and this calculation gives b = 0.0 
which is only a quarter of the experimental value. 
So the theory is unable to account for the slope of t 
E /logl curves. 
Of the numerous other theories put forward, it 
impossible to mention more than a few. 
Attention has been repeatedly drawn to the 
parallelism of the order of the overvoltages of metal 
with the catalytic power. The most significant pape 
is that by Bonhoeffer(4) , who investigated the catal 
action of metals on the combination of atomic hydroge 
in the gaseous state. He found a general agreement 
between the catalytic power and the hydrogen overvolt 
of metals. 
The hydrogen overvoltage has also been regarded 
as a measure of the energy required on account of 
surface forces to form gas bubbles from a supersaturat 
solution. The work of Glasstone(5) may be taken as 
typical of this view. 
Some authors consider that more or less definite 
ydrides are formed at the cathodeÇ6) This view is 
ased on the observation that cathodic hydrogen freque 
contains known hydrides e.g. at antimony and arsenic 
nd carbon electrodes. It is possible however, that 
ydride formation may be a consequence of a high 
vervoltage rather than the cause of it. Another the 
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which is of interest because of its unusual nature 
has been sugested by Smitts,(7)on the basis of his 
theory of allotropy., 
In Tafel's relation, 
I = ke-bV 
the constant b is apj roximately equal to F /2RT. 
This value has been verified by Bowden(8) and by 
Harkins(9). Bowden has also shown the dependence of 
the constant b on the terra erature as required by the 
relation b = F /2RT. This relationship also holds 
for the liberation of oxygen at the anode. 
In the theories which have been previously menti 
it has been assumed that the process H+ + E = H, 
takes place instantaneously and has no effect on the 
overvoltage. It was assumed that this transfer can 
occur at any rate fixed by the current density, and 
at the reversible hydrogen potential. The condition 
however, under which electrons may be transfered from 
an electrode to reducible substances in solution or 
adsorbed on the electrode surface were first examined 
by Butler.l0) Butler supposed that the existence of 
a potential difference V at the surface effectively 
reduced the thermionic work function , at the cathode 
toi- V . The rate of transfer of electrons from the 
metal to reducible molecules of concentration x at 
the surface is given by :- 
I = Iixe - + FV)/RT 
ned, 
b. 
According to this equation a displacement of the 
potential difference from the reversible value would 
be a necessary condition for the passage of a current 
The factor dV /d logl = RT /F is however only half that 
required for the measurement of the hydrogen overvolt 
Frdey -Gruz and Volmer,(11) who made use of a 
similar equation supposed that before escaping from 
the metal and neutralising hydrogen ions in solution, 
electrons must acquire an activation energy U. In 
the absence of a potential difference the number 
escaping is :- 
I = Kc +e -U 
/RT 
where c+ is the concentration of hydrogen ions in the 
electrical double layer. They suppose that only a 
fraction o( , of the potential difference at the surface, 
was effective in modifying this rate and gave an 
equation:- 
g 
I = Kc+e 
-(U + c4FV)/RT 
Which is in accordance with experiment if of = 0.5. 
Gurney(12) has examined the quantum mechanics 
of the transfer of electrons between an inert metal 
electrode and ions in solution. Gurney has shown 
that a relation of the type given by Tafel may arise 
from the conditions of the transfer. 
According to Gurney the conditions for the trans 
of electrons to positive ions in solution, or from 
er 
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negative ions to the electrode are, E+>0+ V, _Lb <q6 + 
respectively.* 0 is the thermionic work function of 
the metal and E E- the neutralisation potentials of 
the ions. In the extended form of the theory these 
are defined as E+ = I +- 
W+ 
R = I_ +'7 -+ R_,where 
I I_ are the ionisation potentials ofthe ions, W 
, 
W the hydration energies of the ions, and R R 
quantities representing the repulsive energy between 
the solvent and the ion after neutralisation. 
By integrating the probabilities of transfer 
between ions for which these conditions are satisfied 
±FV /2RT 
he obtains on certain assumptions I = k'Te 
where the positive sign refers to the discharge of 
negative ions and the negative sign to positive ions. 
According to this calculation, the rate of transfer 
of electrons from the electrode to hydrogen ions in 
V 
solution at the reversible potential V is :- 
-FV /2RT 
I = k'Te 
As pointed out by Gurney, the process of electron 
transfer is essentially irreversible, for the reverse 
transfer of electrons from either free hydrogen atoms 
or molecules cannot, occur to an appreciable extent in 
the same potential region. 
An alternative mechanism has been suggested by 
Horiuti and P4lanyi(;3) in which the primary process 
is the transfer of hydrogen ions to adsorption positio 
* The convention with regard to the sign of the 
potential used here is o:posite to that employed by 
Gurney. 
8. 
on the metal surface, in the course of which neutralisation 
occurs. This process may under certain circumstance 
be reversible, but on the assumptionsmade has a high 
activation energy. 
In a recent paper by Butler,(14) a scheme has 
been suggested which contains features from the theor'es 
of Gurney, and Horuiti and Polanyi. The theory put 
forward can apply to reversible and irreversible elec'rodes. 
In this theory account is taken of the adsorption 
energy of hydrogen atoms on the metal, and shows how 
as a result, the adsorption of hydrogen on the metal 
surface may take place at a lower potential than is 
required for the liberation of free hydrogen. 
It is also shown that the activation energy of 
the process can be so reduced, as to make reversibiliy 
highly probable. At the reversible hydrogen electroe, 
not only must the process of hydrogen adsorption be 
reversible, but the adsorbed hydrogen must be in 
equilibrium with the atmosphere of gaseous hydrogen. 
From a consideration of this fact, Butler shows that 
so long as the current is small, the rate of liberati n 
of hydrogen is determined by the rate of combination 
of hydrogen atoms to form molecules ,(or by the rate 
of dissociation to molecular hydrogen to form atoms). 
At high current densities, however, the rate determining 
step is the neutralisation of hydrogen ions, such as 
we have in Gurneys process, which applies to the liberation 
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of hydrogen at high overvoltage metals. 
Butler points out, that so far no evidence has 
been obtained to show that the adsorption of hydrogen 
takes place on bright platinium electrodes below the 
normal overvoltage. Most of the eperiments on the 
hydrogen overvoltage have, however, been carried out 
solutions saturated with hydrogen, after the electrod 
has been given a preliminary cathodic polarisation to 
remove traces of oxygen. The adsorption of a layer 
of oxygen at anodes has, however, been shown to take 
place before the normal oxygen overvoltage has been 
reached.(15, 16) 
The object of the experiments which I an about 
to describe has been to see if it can be demonstrated, 
that with a bright platinum electrode, the adsorption 
of a layer of hydrogen atoms takes place before the normal 
overvoltage is reached. Frumkin and;Slygiñl7)have shown 
that this is the case with platinised platinum electrodes. 
A study of the anodic and cathodic behaviour of 
platinium in acid and alkaline solutions, saturated vidqh 
nitrogen, was therefore undertaken. Such experiment 
have been carried out in hydrogen saturated solutions 
by Butler and Armstrong,(18) and oy Bowden.(19) 
These workers used currents of the order of 1 to 
30 x 10- 3amps /cm2. At these currents the process is 
relatively slow, and diffusion effects may mask the 
process actually occurring at the elecrode surface. 
10. 
The present series of experiments were carried out 
with high current densities of the order of 300 to 
4000 x 10- 3amp /cm2. With such large currents the 
process is complete in less than 1 /300th sec. Such 
short times rule out the string galvanometer as a 
recording instrument , since the period is of the ord 
of 1 /200th. sec. The changes of electrode potential 
with time were.therefore,recorded by a cathode ray 
oscillograph, used in conjunction with a large apertu 






Methods of measurement 
3apidly changing potentials. 
The rapid variations of the electrode potential 
with time were recorded photographically by means of 
a cathode ray oscillograph used in conjunction with 
a large aperture reflex camera. The essential parts 
of the oscillograph circuit are shown in fig I. 
F$ j . 
The horizontal deflection plates of the cathode ray 
tube are connected to a linear time base, the frequency 
of which can be varied from 10 to 100,000 sweeps per 
second. This time base consists of the thyatron 
valve (128), the pentode valve (57) and the associated 
components. 
In order to obtain an unvarying sweep frequency, 
it is necessary to link the time base to a source of 
constant frequency. The 50 cycle A.C. mains, which 
12. 
are time controlled were chosen for this purpose. 
Stable working conditions are most easily obtained 
when the sweep frequency is the same as that of the 
A.C. mains. Stable conditions can also be obtained 
when the sweep frequency is adjusted to multiples of 
50, provided the instrument has been given sufficient 
time to warm up. 
The sensitivity of the cathode ray tube is such 
that 25 volts are required to deflect the spot 1 inch 
Since the maximum change of electrode potential is of 
the order of 2 to3 volts, a two valve amplifier was 
constructed to increase the sensitivity of the cathod 
ray tube. (FigII). As normally used the sensitivity 
of the apparatus is such that 0.1 volt change in the 
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The grid current taken by the initial valve of the 
amplifier was negligible with the grid bias used. 
13. 
Fig.II also shows the arrangement of the apparats 
associated withthe oscillograph. By means of the 
change over switch it is possible to connect the inpu 
terminals of the amplifier to the test electrode and 
the standard half cell or to a Cambridge potentiomete 
for calibration purposes. 
Measurement and control of the olarisin: curren . 
The arrangement for supplying and controlling th 
polarising current to the system is shown in fig.III 
60E. 
The current was derived from a battery of 50 accumulators 
capable of giving a large current with negligible voyage 
variation. The current was controlled by a rheorsta 
R and measured by a unipiviot micro -ammeter. This 
instrument with suitable shunts had a measuring range 
of a few microamps to 12 amps. A reversing switch 
(not shown), was also included in this circuit. 
14. 
When experiments were first commenced, considera 
difficulty was encountered in the switching on of 
large currents, the switches used having a variable 
contact resistance. 
A quick acting mercury switch of the type shown in 
fig.IV, was made and proved quite satisfactory. The 
brass rod carrying the thick platinium wire d, slides 
easily in the brass tube b which is cut away on one 
side as shown. The brass rod a,has a piece of glass 
tubing over it. On giving a,a slight push, the bras 
rod carrying the platinium point plunges into the 
mercury at c by the action of spring e. 
Standard half cell. 
The potential of the test electrode was always 
measured against a normal calomel electrode. The 






to the standard hydrogen electrode. The measured 
values of potential of the test electrode were reduce . 
to the standard hydrogen scale by adding +0.282 volts 
The whole apparatus with the exception of the 
oscillograph,which was earthed, was insulated by shee s 
of glass supported on blocks of paraffin wax. 
Electrolysis cell. 
Figs. V and VI, give two views at right angles 
to eachother,of the cell used. In view of the high 
current densities the test and auxiliary electrodes 
were placed in the same compartment. From the geome ry 
of the cell it is seen that a uniform current density 
is obtained at the test electrode. Owing to the 
system of ground glass joints the test electrode a 
can be quickly removed and another put in its place. 
The electrodes used had an apparent area of 0.5 sq.cm 
These were made by sealing a short piece of platinium 
wire into the end of a glass tube and spot welding the 
bright platinium foil to this. The auxiliary electro es 
b had an area of 1 sq.cm. and were made in a similar 
way. The calomel electrode was connected via the 
ground glass joint C. The tip of the calomel was 
kept a constant distance of about 1.5 mm. from the 
test electrode, thus keeping the ohmic drop between 
the test electrode and the tip at a minimum, while at 
the same time causing as small a disturbance at the 
16. 
electrode as possible. Nitrogen was bubbled into th 
cell via d. The nitrogen escaped via the gas trap 
e. The gas liberated at the auxiliary electrodes 
escaped via the narrow tubes f,f. 
Purification of nitrogen. 
The nitrogen, obtained from a cylinder, was pass:d 
over a copper spiral heated in an electric furnace an . 
then through a solution of alkaline pyrogallate. 
Preparation of solutions. 
The electrolyte was prepared from A.R. sulphuric 
once distilled in a pyrex apparatus diluted with 
water also distilled in a pyrex apparatus. 1.0N 
sulphuric acid solution was used in all the experimenus. 
17. 
S1mmmary of Bowden s experiments. 
Before describing the results of the present 
research it is necessary to summarise the work of 
earlier investigators. 
Experiments have been carried out by Bowden(19) 
on the anodic and cathodic behaviour of platininm in 
hydrogen and oxygen saturated sulphuric acid solution-. 
The current densities were of the order of 10 - 25 x 0 -3 
amps /c.m.2 The following is a summary of his observat'ons. 
Platinum electrodes in M /10 sulphuric acid 
saturated with hydrogen. 
If the electrode be made cathodic, the cathode 
potential changes linearly with time, and the quanti 
of electricity required to establith the hydrogen ovei- 
voltage is about 1.8 x 10 -5 couls.per.volt increase 
for platinium electrodes of 1 sq.cm. apparent area. 
Comparison with the same quantity for mercury electrodes 
showed that the platinum electrodes had an effective 
area of 3 sq.cm, if it can be assumed that the mercur 
surface is perfectly plane. 
On making the platinum electrode anodic after a 
cathodic polarisation, the potential falls rapidly to 
the reversible hydrogen potential, then linearly from 
this value to +2.0 volts (corresponding to a consider.ble 
oxygen overvoltage), with a slight pause at +0.61 vol. 
(See fig.VII curve I). Excluding the arrest at 0.61 
volt, 3 x 10 3couls. are required to produce the chance. 
COX 10 3çvul 
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On stopping the anodic current, the electrode 
potential rises rapidly to +1.4 volt and then more 
slowly. If at this point the current is reversed, t 
potential rises linearly to +O.61 volt and remains costant 
while 7 x10- 3couls. are passed. The potential then 
rises again, and after 2.4 x 10- 3couls. are passed, 
reaches the reversible hydrogen value (fig.Vll curvell). 
Excluding the arrest at +0.61 volt, the quantity of 
electricity for the change is 3.2 x 10- 3couls. 
An electrode, which has been made anodic several 
times, differs from an electrode which has never been 
u ade anodic. On making the electrode anodic, it tend 
to remain at the reversible hydrogen potential and the 
changes to the oxygen overvoltage in the usual way. (f VII 
curve III). 
19 . 
Platinium electrodes in M /10 sulphuric acid 
saturated with oxygen. 
The quantity of electricity required to establis 
the oxygen overvoltage is 3.8 x 10- 4couls.per volt 
increase for an electrode of 1 sq.cm. apparent area. 
On making the electrode cathodic, the potential 
falls linearly to about .0.62 volt, and the amount of 
electricity required for the change is 1 x 10- 3couls. 
The potential remains constant at 0.62 for a time 
depending on the length of the previous anodic polari-- 
ation, then passes to the reversible hydrogen value. 
. If, after cathodic polarisation, the circuit is 
opened, the potential fallsto +0.87 volt., after rem .ining 
for a short time at the reversible hydrogen potential. 
Bowden considers that the values +0.61 volt and 
0.87 volt are the equilibrium potentials of an oxide 
of platinium in contact with hydrogen and oxygen satu ated 
solutions. +0.61 would probably represent the reduction 
potential of the oxide to platinium and water. It is 
also suggested that the change of potential from the 
hydrogen to the oxygen reversible value, or vice vers 
involves the removal and subsequent deposition of a 
layer of gas adsorbed on the accessible metal atoms 
in the electrode surface. For this a constant quanti 
of 3 x 10- 3couls . is required. 
Y 
20. 
Summary of experiments by Butler and Armstrong 
Experiments were carried out on the anodic and 
cathodic polarisation of platinium electrodes in 
solutions saturated with hydrogen and oxygen, using 
current densities between 0.5 and 30 x 13amps /sq.cm. 
On the anodic polarisation of electrodes, which 
have been given an initial cathodic polarisation in 
hydrogen saturated solutions, two depolarisation pros 
are observed at potentials more negative that that at 
which the steady liberation of oxygen occurs. They 
are ascribed respectively, to the electrolytic dissol 
of adsorbed or dissolved hydrogen,and to the formatio 
of a layer of adsorbed oxygen. These processes take 
place at +0.4 and +1.2 volts respectively. 
On cathodic polarisation of an electrode which 
has been previously anodically polarised one such pro 
is observed which marks the removal of the adsorbed 
layer of oxygen. These authors show that, contrary 
to the views of Bowden, no platiniuM oxide is formed 






Summary of experiments by Frumkin and Slygin.(17 
Experiments were carried out with platinised 
platinium electrodes in sulphuric, hydrochloric, and 
hydrobromic acid solutions, at current densities of 
1.0 x 10- 4amps /cm.2 Initially the solution was 
saturated with hydrogen, nitrogen was then passed thr 
the solution to remove the hydrogen. The hydrogen 
saturated electrode was thus left in a hydrogen free 
solution. The electrode was now made anodic and the 
type of curve obtained is shown in fig.VIII. 
ugh 
/0 
According to the authors, we have, on anodic 
polarisation the removal along a of a layer of adsorb _d 
hydrogen. The quantity of electricity passed along 
b represents that required to alter the capacity of t 
electrical double layer, while along p the deposition 
of oxygen takes place. The curve is completely 
reversible provided the electrode is not taken too 
far into the oxygen deposition region. Similar cury =s 
were obtained with the other acids as electrolytes. 
These experiments have the disadvantage that the 
22. 
precise nature of the electrode surface is not known. 
Experimental procedure. 
Two methods were used to give the electrode the 
initial cathodic or anodic polarisation before taking 
the anodic or cathodic curve. 
(1). When it was undesirable to release oxygen 
or hydrogen at the test electrode, the anodic or 
cathodic polarisation was carried out by a small 
current, unsally a few microamperes, the potential of 
the electrode being observed by a string electrometer. 
By this method it was possible to take the electrode 
any desired potential before taking the anodic or 
cathodic curve. The electrode having attained the 
required potential, the cathode ray intensity control 
was increased to maximum, (the sweep frequency having 
been previously adjusted to a suitable value), the 
camera shutter opened and the lame anodic or cathodic 
current switched on. The resulting trace was thus 
photographed and the camera lens capped. The curve 
was now calibrated. A mask with a vertical slit 
2mm. wide was placed over the end of the cathode ray 
tube, and the amplifier input terminals connected to 
the potentiometer. The 0.1 volt ratio dial of the 
23. 
potentiometer was now rotated, the cap having been 
previously removed from the camera lens. This gave 
a series of lines on the negative, the distance between 
each line corresponding to 0.1 volt. This method of 
will bereferred to as the controlled polarisation 
method. 
(2). When the liberation of oxygen or hydrogen 
at the test electrode was not objectionable, the anod. 
or cathodic polarisation was carried out with a large 
current usually of the same magnitude as that with which 
the cathodic or anodic curve was to be taken. 
Nitrogen was passed for 5 minutes after each 
curve was taken. 
eriments with .latinium electrodes in normal sulrh ric 
acid saturated with nitrogen 
Jperiments using second method of polarisation 
After a preliminary cathodic polarisation, two 
types of curves were obtained on making the electrode 
anodic. Curves of type A, figlX, were obtained with 
new electrodes which had not previously been made 
anodic, or with electrodes which had been left in the 
solution for some time (one day or over). After a 
cathodic polarisation the electrode remained at the 
reversible hydrogen electrode potential. On application 
of the large anodic current the electrode potential 
24. 
fell rapidly to about +1.5 volt. The linear stage b; 
,then commenced, the potential falling to +2.1 volt, 
after which the curve ceased to be linear, oxygen 
being liberated at c. The potentials mentioned are 
dependant on the anode current,the larger the current ! 
the more positive the potentials. Those given are for 
a current of 0.6 amp., correspondin7 to a current density 
of 1.2 amp/cm 
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An electrode which had previously been made anodic 
gave curves of type B. On application of the anodic', 
current the electrode potential fell instantaneously 
25. 
to +0.08 volt. The electrode potential then fell mo e 
slowly, giving rise to the linear stage a. At +0.5 olt 
the fall became more rapid but remained linear, givin 
rise to stage b. At +1.1 volt the rate of fall in 
potential became less, giving rise to stage c. At 
+1.9volt the fall ceased to be linear, the potential 
finally reaching the constant value of +2.3 volt. 
The . slopes of the linear portions a and c of the 
curve are approximately the same, while the quantity 
of current passed along section c is twice that along a. 
Also the quantity of current passed along the linear 
portions of the curves A and B is independant of (1), 
the initial cathodic polarisation, which was varied 
from 2 x 10 -2 to 6 couls, and (2), the current densit 
over the range 200 x 10 ̂3 to 4,000 x10- 3amps /cm2. 
The quantity of current passed along section b 
of curve B is 8 x 10- 5couls., the slope being 1.4 x 1 
couls /volt. These values are of the order one would 
expect for a change in the capacity of the electrical 
double layer in this region. 
The mean value of the current passed along sectio 
a of curve B is 2.4 x 10- 4couls, while that for sectio 
c is 5.1 x 10- 4couls. These values are the mean of 
a number of determinations with different electrodes. 
The results are tabulated in table I. 
With regard to curve A, it is found that the 










couls x 10.4 
Slope 
couls/vdlI lt 
x 10 - 1 4 
* 
` 
--- --- 6.4* 7.0 
2.5 6.7 7.5 
2.6 --- 5.6 6.2 
2.6 5.0 7.6 
* 
--- --- 9.4* 12.0 
--- --- 5.4 6.5 
2.5 .. 5.5 --- 
* 
--- --- 7.4* 12.0 
* 
--- --- 8.0* 8.0 
2.6 6.5 5.e 6.2 
2.5 6.5 4.7 5.3 
2.3 6.0 5.0 7.3 
* 
--- --- 4.1* 8.0 
1.8 --- 4.1 5.0 
--- 3.9 5.0 
*The values marked thus are for the electrodes 
in the inactive state and represents the quantity of 
current passed along section b of curve A. 
curve is approximately equal to the sum of that passe 
along stages a and c of curve B, namely 7.2 x 10 -4cou 
Cathodic curves after ]arge anodic. polarisations 
Fig.IX, curve C, shows the type of curve obtained 
after a preliminary anodic with a large current. 
After the anodic polarisation the electrode potential 
rises rapidly from 2.2 volt to 1.4volt at which it 
remains stationary. On application of the cathodic 
s. 
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current the electrode potential rises rapidly to +0.5 
volt. A linear stage b now commences and the electr +de 
rises to -0.1 volt, after which it rises more gradual y 
to the final potential of -0.4 volt. These voltages 
are for a current of 0.b amp., with larger currents 
more negative values are obtained. 
Table II 
Electrode Section b 














G 8.6 13.0 
8.6 1 ?.0 
The quantity of current passed along the linear 
part b of the cathodic curve is of the order of 10.0 
10-4couls. (Table II). 
The slope of the upper part of a is probably not 
far different to the slope of b curve B, and this 
change consists of the practically instantaneous rise 
of potential on starting the current followed by a 
normal capacity effect. 
8. 
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The results of these experiments are shown in 
fig.X. The anodic T,olarisations were carried out with 
a current density of 10 microamps. Curves 1 to 6 
show the effect to taking the electrode to increasingly 
positive potentials before taking the cathodic curve. 
Curve A is a typical anodic curve and is inserted in 
the figure for the purpose of comparison. Curves 
1, 2, and 3 demonstrate the gradual growth of the stag 
a' on the cathodic curve as the electrode is taken to 
more positive values on the initial anodic polarisatio 
e 
.1 
The initial potential change in curves 1 to 3 is 
instantaneous, and is probably the result of the ohmi 
resistance of the solution between the test electrode 
and the tip of the calomel electrode. 
Curve 4, shows the appearance of the capacity 
change stage b'. This is to be expected since the 
capacity change section of the anodic curve B has 
been entered during the initial anodic polarisation. 
The quantity of current passed along b' is equal to teat 
along b, while the slopes are similar. 
In the case of curve 5 the amount of current passed 
along b' is greater than along b. This is due to the 
fact that the initial 1potential of the electrode was 
such that the electrode was in section c of the anodi. 
curve. Curve 6 was taken from a still more positive 
potential and b' is now considerably greater than b. 
It therefore appears that the reverse of the process 
which occurs along section c of the anodic curve, 
(which will be shown to the deposition of oxygen), 
t 
occurs along b concurrently with the capacity change 
effect. The amount of current passed along a remain 
constant once a is completed. 
The data from which the cathodic curves 1 to 6 














+0.23 1.0 10.3 - - -- - - -- 
+0.4 1.0 4.9 - - -- - - - -- 
+0.4 1.6 8.0 - - - -- - - -- 
+0.5 1.33 5.3 - - -- - - -- 
+0.ß5 1.87 7.5 0.93 2.34 
+1.1 2.05 7.45 1.65 3.49 
+1.1 2.05 7.75 1.02 2.17 
+1.15 2.08 9.15 2.89 5.62 
+1.3 2.6c 13.3 3.94 7.6 
Experiments with platinium electrodes in normal sodium 
hydroxide solution, saturated with nitrogen. 
The normal sodium hydroxide solution as prepay -d 
from A.R. NaOH and distilled water. 
Cathodic behaviour of platinium in sodium hydroxide 
solution. 
The curves obtained in alkaline solution are 
displaced to more negative values compared with the 
corresponding curves in acid solution by 0.7 to 0.8 
volts. This displacement corresponds to the differe ce 
between the reversible potentials of the hydrogen and 
oxygen electrodes in the two solutions. 
After large anodic polarisations, cathodic curve 
of type V, fig XI, were obtained. After a large 
anoxic the potential rose to +0.8 volt. On applicat'on 
of the large cathodic current the potential rose inst t- 
aneously to -0.2 volt. A slow stage then commenced and 
the potential rose to -0.9 volt. The electrode potential 
then rose more rapidly to -1.9 volt. This portion of 
31. 
the curve was more or less linear. This curve diffe s 
considerably from that obtained in acid solutions, th 
reason being the greater activity of oxygen in alkali 
solution. This is responsible for the initial slow 
stage on the cathodic curve,i.e. the current is still 
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Curves I,II,III, and IV, were obtained after init: al 
anodic polarisations under controlled conditions to 
otentials of -0.2, +0.1, +0.3, +0.55, respectively. 
Curve I. is made up of two linear stages a and b. 
The quantity of current passed along these stages is 
3.1 and 1.1 x 10- 4couls.respectively. 
32. 
Curves II,III, and IV show an extra stage c, the 
length of which increases as the initial potential of 
the electrode in made more positive. The quantity o 
current passed along stages a and b is constant and 
of the same value as that passed along the corresponding 
stages of curve I. If the initial potential of the 
electrodes is made more positive than +0.6 volt, the 
stages c and b cease to be linear and we have a gradu 1 
change in shape until finally curves of type V are 
obtained. 
Anodic behaviour of platinum in alkaline solution. 
Experiments were also carried out on the anodic 
behaviour of platini»m in alkaline solution. Some 
typical curves are shown in fig. XII. Curves I toll were 
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33. 
Curves of type IV were obtained after large 
cathodic polarisations. Along stage á,3.0 x 10 
-4 
couls, are passed. 2.2 x 10-4 couls. are passed 
along stage b. This value appears to be too large 
to represent a capacity change, and it is possible 
that some other process occurs concurrently with the 
capacity change. Along 2,3.2 x 10- 4couls. are passed. 
This is considerably less than the 5.1 x 10 -4 couls. 
which is passed along the corresponding stage in 
acid solution. The anodic curve in alkaline solutio 
departs from linearity much sooner than is the case i 
acid solution. The slope of curve c is however the 
same as in acid. 
Platinium in hydrochloric acid solution saturated 
with nitrogen. 
The anodic behaviour of platinium in normal 
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34. 
Owing to the fact that the test and auxiliary electrodes 
were not separated by a partition impervious to chlorine, 
the solution at the test electrode always contained a 
trace of chlorine, the chlorine being released at the 
auxiliary electrodes during the cathodic polarisation 
of the test electrode. 
After an initial cathodic polarisation stage a 
appears on all curves, but its length is more variabl 
than in sulphuric acid. This is probably due to the 
dissolved chlorine, which acts as a depolarises. Th 
average value of the amount of current passed along 
this stage is 2.0 x 10- 4couls. This agrees fairly 
well with the value of 2.4 x lC54couls. for platinum 
electrodes of the same area in sulphuric acid. 
The behaviour of the electrode on completion of 
stage a is somewhat variable and appears to depend 
on two factors:- (1), the amount of cathodic polarisa ion 
and (11), the concentration of chlorine in the solution. 
If the concentration of chlorine is lame, i.e. after 
a series of experiments have been made in the same 
solution, and the cathodic polarisation is small, 
curves of type II areobtained. Large cathodic 
polarisations and low chlorine concentrations favour 
curves of type I and III. Curves of type IV, are 
obtained in chlorine free solutions after moderately 
large cathodic polarisations. 
The final stage of the curve from +1.5 to 2.5 volt 
is very long considering that the current densities 
35. 
used were of the order of 1 amp /cm. Along this 
stage 150 x 10- 3couls, were passed. At 2.5 volts 
we have the liberation of a mixture of oxygen and 
chlorine.(20) 
Fig.XIV shows two typical cathodic curves for 
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The electrode potential rose rapidly to +1.2 volt¡ 
on breaking the anodic current. On applying the cathodic 
current a rapid rise in potential took place to +0.8 
volt. In the case of curve II this is followed by 
a flat stage c, whose length depends on the amount 
of current passed during the anodic polarisation 
At +0.2 the rise in potential becomes more rapid, giving 
36. 
rise to stage b, stage which follows is linear and 
amount of current passed along this stage is indepenant 
of the length of the anodic polarisation . Stage c 
is absent from curve I, the length of stage a,however, 
is the same as that in curve II.(3 x l0- 4couls.) 
Curves of type I are obtained after short anodic Pola 
Stage c of curve II appears, therefore, to be due to 
depolarisation by chlorine in the solution in the 
vicinity of the electrode. 
isations. 
37. 
DISCUS I OK . 
The experiments on the anodic behaviour of platii um. 
have shown, that except for the capacity change, the 
potential change from hydrogen to oxygen is practical y 
linear with the quantity of current passed. This is 
also true for the reverse process. Also this quanti y 
is independant of the current density over the range 
200 x 10 -3 to 4,000 x 10 -3 amps /cm. 
If we examine curve B, fig .IX in detail we find 
that along stage a, 2.4 x 10 -4 coals are passed compared 
with 5.1 x 10- 4couls. for stage c. The quantity of 
current required to deposit one oxygen atom on the 
electrode is twice that required to remove one hydrog 
atom. It therefore seems feasible to suppose that 
along a we have the removal of a layer of hydrogen 
atoms, which were deposited by the initial cathodic 
polarisation, and along c the deposition of a corresp 
number of oxygen atoms. So far as the deposition 
of oxygen atoms before the establishment of the final 
overvoltage is concerned, this has already been shown 
to take place.(15, 16) 
A calculation can be made of the quantity of 
current required to remove a layer of atomic hydrogen 
from a platinium surface. It is possible, however) 




in two ways, either as a complete envelope, with the 
atoms touching eachother, or alternatively, with one 
hydrogen atom adsorbed on each accerible metal atom. 
The experimental fact that twice as much current is 
required for oxygen deposition than for hydrogen removal 
points to the latter method being the more probable. 
We have other evidence supporting this conclusion. 
The work of Davisson and Germer on the diffraction 
of electrons indicated that the gas adsorbed on the 
nickel surface followed the spacing of the nickel 
7 
atoms.(21) It has also been shown by Johnson,(22) 
that the adsorption of atomic hydrogen on glass reaches 
a saturation maximum when a complete surface layer 
is formed with a spacing between each hydrogen atom of 
about 1.6 x 10 -8cm. 
The diameter, of trie platinium atom may be taken 
as 2.5 x 10 -8cm. If one atom of hydrogen is attached 
to each accessible platinum atom on the electrode 
surface, the number of hydrogen atoms on 1 sq.cm. of 
the electrode surface is 1.6 x 10 5 atoms. It requires 
2.7 x 10 -4 couls. to remove these from the platinium 
surface as hydrogen ions. To deposit an equivalent 
number of oxygen atoms requires 2 x 2.7 x 10 -4 or 
5.4 x 10- 4couls. 
The true area of ordinary bright platinium electrodes 
is according to Bowden 3 times the apparent area, 
while Butler and Armstrong give the true area as 
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2.5 times the apparent area. Taking the latter value 
we see that theoretically 3.3 x 10- 4couls. are required 
for hydrogen removal (electrode area = 0.5sq.cm.), 
while 6.6 x 10- 4couls.are required for oxygen deposition. 
These values are in quite good agreement with the 
experimental considering the various uncertainties in 
the calculation. 
With regard to section b of the anodic curve, it 
has already been suggested that this is a capacity 
change. Bowden has shown that the slope of the 
capacity change in the hydrogen region is 6 x 10 -7 
couls, per sq.cm. of accessible surface for a - ootetial 
change of 100 millivolts. In the oxygen region the 
value is 11 x 10- 6couls. /cm2 of accessible surface, 
for 100 millivolts change in electrode potential. 
The slope of section b is 6.6 x 10- 6couls. /cm. 
2 
of 
accessible are for 100 millivolts change in electrode 
potential. This value lies as is to be expected 
between the values given by Bowden for the hydrogen ard 
oxygen regions. 
Anodic curves of type A, fig. IX, were obtained 
with new electrodes which had not previously been made 
anodic, or electrodes which had been left in the solution 
for one day or over after they had been made anodic. 
The total current passed along the linear part of the 
curve A is approximately equal to the sum of that 
passed along sections a and c of curve B, namely 7.2 10 -4 
14-0. 
couls. There are two possible explanations of why 
curves of type A are obtained. It has been shown 
by Butler and Armstrong(23) that making a platinium 
electrode anodic and cathodic a few times activates t 
electrode and makes it function as a reversible hydrogen 
electrode. New electrodes may therefore be inactive 
while used electrodes may lose their activity. Henc 
although the electrode is covered with hydrogen as a 
result of the cathodic polarisation, this hydrogen is 
not removed at the normal potential but at a more 
positive potential, since the activation energy of th 
process is greater at an inactive electrode. The 
hydrogen removal probably takes place along the linea 
part of the curve together with oxygen depositon 
Alternatively the surface of the electrode may 
be contaminated by some impurity, and this must be 
removed from the electrode surface by anodic treatmen 
before the electrode behaves in the normal manner. 
The presence of the impurity on the electrode may 
prevent the adsorption of hydrogen. Along the 
linear part of A we have therefore the removal of the 
impurity plus the deposition of oxygen. 
The cathodic behaviour of platinium in normal 
sulphuric acid must now be examined in the light of 
the theory put forward to account for the anodic behaviour. 
The cathodic curve is made up of three parts. 
(curve C, fig. IX). The slope of the initial part of 
41. 
the curve, stage a, is of the correct order for a 
capacity change. Along section b of the curve we 
have the passage of 1.0 x 10 -3cou ls. After the 
anodic polarisation the electrode will be covered with 
a layer of atomic oxygen. On being made cathodic 
this will be removed. Hence along b we have the 
removal of an atomic layer of oxygen. This theoreti. ally 
requires 6.6 x 10- 4couls., while to deposit a layer o 
hydrogen requires 3.3 x 10- 4couls. It is possible 
that along b we have the removal of a layer of oxygen 
and its replacement by a layer of hydrogen. It is 
well known that while the reversible hydrogen electrode 
potential can be obtained with an active platinium 
electrode in a solution saturated with hydrogen, the 
reversible oxygen potential cannot be obtained with 
Ì 
platinium in an oxygen saturated solution. 
1 
platinium electrode may be inactive towards oxygen, 
Hence th 
and curve C would in that case be the converse of 
curve . . 
e can now turn our attention to the cathodic 
curves obtained after initial anodic polarisations under 
controlled conditions. Curves 1, 2, and 3, show 
that as we move to more positive potentials along 
stage a of the anodic curve, more hydrogen atoms are 
removed from the electrode surface. On cathodic 
treatment, however, these atoms are replaced, as is 
shown by curves 1, 2, and 3, along stage a . These 
curves also demonstrate quite clearly the important 
42. 
,fact that prior to the establishment of the hydrogen 
overvoltage at a platinum electrode the adsorption 
f a layer of hydrogen atoms takes place. 
Curve 4, was taken from a still more positive 
r 
potential and is composed of two sections a and b. 
The quantity of current passed along a is approximat 
equal to that along b, the slopes of b and b are also 
equal. Hence curve 4 is made up of a capacity chang 
section and a section along which the depositon of 
a layer of hydrogen atoms occurs. Curve 5 was taken 
with the initial potential in the oxygen deposition 
,section of the anodic curve, hence the electrode must. 
have had some oxygen atoms deposited on it. There is 
,however, no sign of a stage of the cathodic curve, 
corresponding to their removal. The quantity of 
t 
current passed along b is now greater than that pass 
t 
along b, while that along a is almost the same as 
that along a. In curve 6 which was taken from a sti 
more positive potential , the amount of current passe 
t 





that along a is still the same as in curves 4 and 5. 
From curves 5 and 6 we see that once the oxygen 
section of the anodic curve is entered, i.e. once 
oxygen is deposited on the electrode reversibility 
ceases. This fact was also discovered by Frumkin 
and Slygin(17)in their experiments on platinised 
platinium in nitrogen saturated sulphuric acid solution. 
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In the case of platinised platinium, however, a considerable 
amount of oxygen had to ce deposited before reversibi ity 
ceased, whereas with plain platinium a small quantity 
is sufficient. This is due to the inactivity of 
platinium towards oxygen in acid solution. Oxygen 
is more active in alkaline solutioii2aL it will be 
shown that a separate stake for oxygen removal appear 
on the cathodic curves for platinium in alkaline solution. 
Fig.XI shows the results of experiments on the 
cathodic behaviour of platinium in nitrogen saturated 
sodium hydroxide solution. Curve 5 which was taken 
after a large anodic polarisation shows a long depolar- 
isation stage at 0.5 volt. This is most likely due 
to depolarisation by oxygen in the solution. Such 
a stage does not occur on the corresponding curve in 
acid solution. Curves 1,2,3, and 4 which were taken 
after controlled anodic polarisations to increasingly 
positive potentials are also different from the 
corresponding curves in acid solution. Curve 1, 
consists of the capacity change section b and the 
hydrogen deposition section a, along which 1.1 x 10 -4 
and 3.1 x 10- 4couls. respectively are passed. Curve 
2 taken from a potential of +0.15 volt shows the 
appearance of a new stage c. Along this section of 
the curve we apparently have the removal of oxygen. 
atoms deposited during the anodic polarisation. The 
lengths of a and b are still the same as in curve 1. 
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Curves 1 and 2 also show the effect of change in 
current density on the process. Curve 1 taken at 
current density of 2.09 amps occurs at a more negativ 
potential than curve 2 taken at a current of 1.2 amts /cm2 . 
The quantity of current passed along a and b however, 
is unaltered by the current changes. As we take the 
électrode to more positive potentials the length of 
section c increases, this is shown in curves 2,3 and4 
If we take the electrode to still more positive potentials 
to that from which curve 4 was taken, the shape of the 
cathodic curve changes and becomes more like that of '. 
The series of curves 1 to 4 again demonstrate 
that prior to the establishment of the hydrogen 
overvoltage at a platin.ium electrode, the adsorption 
of a layer of atomic hydrogen takes place. They 
also show that in alkaline solution the platinium 
electrode is more active towards oxygen than in acid 
solution, as is shown by the appearance of a separate 
oxygen removal stage on the cathodic curve in alkalino 
solution. 
The anodic behaviour of platiniuni in alkaline 
solution can also be interpreted on the basis of 
the theory which has been put forward. Curve 4 fig. II, 
which was taken after a large cathodic polarisation i- 
composed of three stages. Along a we have the passa 
of 3.0 x 10- 4couls. which agrees with. the theoretical 




atoms. Along b 2.2 x 10- 4couls. are passed. This 
value is too large to be entirely due to a capacity 
change. It is probable that owing to the relatively 
high activity of oxygen in alkaline solution, the ads 
of some oxygen takes place along this stage. 3.2 x 1 
couls. are passed along c, representing the adsorptio 
of half a layer of oxygen atoms. The reason for 
the departure from linearity before the adsorption 
of a complete layer of oxygen atoms is again due 
perhaps to the high activity of oxygen in alkaline so ution. 




stages c and b. The value of ,curve 3 is again too 
large to represent a capacity change alone. It is 
interesting to note that whereas in acid solution 
stages a and c of the anodic curve are separated by 
a capacity change section, in alkaline solution they 
tend to run together. In the case of the cathodic 
curves,however, the oxygen removal and hydrogen depos 
stages in alkaline solution are separated by a capaci 





It is now necessary to examine why it is that 
only monatomic layers of hydrogen and oxygen are involved 
in the anodic and cathodic processes. The electrode 
remains at about the reversible electrode potential 
after a cathodic polarisation, thus it must be in 
equilibrium with the gaseous hydrogen present in the 
solution. At the reversible hydrogen electrode we 
have the followin equilibrium:- k- Y h 
J 
x _ - - - () _712 [ 1-1 ka(i- ))z 3 ® 
between the nydrogenions in solution, the hydrogen 
atoms adsorbed on the electrode surface and gaseous 
hydrogen. On making the electrode anodic, we see 
that the potential can be maintained provided that the 
molecular hydrogen can be adsorbed rapidly enough to 
replace those adsorbed atoms which bave been desorbed as 
ions. If this process takes place rapidly, then mor: 
than an atomic layer of hydrogen atoms would have to b: 
removed from the electrode surface before the potential 
was forced towards that at which the deposition of 
oxygen takes place. 
The equilibrium conditions of the reversible 
hydrogen electrode have been studied by Butler 
If x, is the fraction of adsorption positions at the 
electrode surface occupied by hydrogen, then kix2 
represents the rate of desorption, while the rate of 
adsorption (which is proportional to the probability of 




1-lence at equilibrium we have 
k1x2 = kl(1 - x)2 2 
When hydrogen is being liberated at the electrode the 
equilibrium is disturbed and we have 
i = k1x2 - kl(1 - x)2p1 - - --(2) 
2 
where i, is the rate of formation of hydrogen. If 
k1 is large compared with i the displacement of the 
adsorption equilibrium is small. Also the rate of 
formation of hydrogen cannot exceed k1. 
Considering the equilibrium between the adsorbed 
hydrogen and the ions in solution, let ko be the 
rate of transfer of protons at the equilibrium potent al 
Vo to a completely unoccupied surface (x = 0). Let 
ko be the rate of transfer of hydrogen atoms to the 
olution as ions from a completely occupied surface 
r 
(x = 1). The equilibrium condition is ko(1 - x) = k x, 
at potential Vo. When the potential is displaced by 
an amount AV from Vo, these rates become ko(1 -x)e -fQ AkT 
and koxeOV /ikT and the current is:- 
i = ko(1 - x)e-£oV/IskT koxeAV/gkT 
where x is determined by (2) 
From the above the following conclusions can be 
drawn. 
(1) When i is small compared with k1, the adsorption 
equilibrium is not appreciably disturbed by the curie t 
and -AV varies linearly with the current. 
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(2)As i approaches kl, (1 - x ) apProaches zero 
and therefore -AV will increase more rapidly than in 
case (1). 
(3) When i»k1, this mechanism is no longer capab e 
of accounting for the whole of the current and the 
potential of the electrode must rise until some other 
process becomes possible, e.g. Gurney's mechanism. 
Suppose we have an electrode, whose surface is 
free from adsorbed hydrogen immersed in a solution of 
sulphuric acid, also free from hydrogen. On making 
such an electrode cathodic with a large current the 
transference of hydrogen ions to adsorption positions 
takes place, in the course of which neutralisation occurs. 
This process can occur at any rate since the activation 
energy of the process is determined to some extent by 
the electrode potential, the more negative the potential 
the smaller the activation energy.The electrode potential 
is determined by the current density, thus ko is a 
function of the current density. The value of k1 
which determines the rate of desorption of adsorbed 
hydrogen atoms as hydrogen molecules is a fixed quant ty,' 
and is relatively small. With large cathodic Curren sa 
therefore, all the adsorption positions are occupied 
before an appreciable amount of hydrogen can be liberated 
by the above mechanism. As the adsorption positions 
are filled up the electrode becomes more negative unt'l 
finally a point is reached at which some other proces 
becomes possible, e.g. the discharge of hydrogen ions by 
Gurney's mechanism. 
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We can also see why it is that on making the 
electrode anodic with a large current, after an initi.l 
cathodic, that the amount of hydrogen removed only 
corresr:onds to one atomic layer. Even although the 
electrode may have gaseous hydrogen on its surface, tie rate 
r 
of adsorption to give atomic hydrogen is limited by k 
As this constant is very much smaller than the curren 
no appreciable adsorption takes place. 
An examination of the curves shows that a linear 
relationship exists between the potential of a plati 
electrode and the amount of hydrogen (or oxygen ) 
adsorbed on it. The explanation may be that the hea 
of adsorption decreases according to a linear law as 
the surface is filled up. Becker( 5)has shown that 
the rate of evaporation of oxygen atoms from a tungst 
filament increases very rapidly with the amount of 
surface covered. This shows that the heat of adsorption 
must decrease as the surface concentration increases. 
A similar state of affairs may, therefore, hold for 
hydrogen and oxygen atoms on platinium. If this 
were so, then the observed relationship between the 
otential and the amount adsorbed would be accounted fr, 
if the heat of adsorption decreased linearly with the 
amount adsorbed. 
An alternative explanation may be that the adsorbed 
toms behave as dipoles, there would then be a potential 
50 
difference proportional to the number of adsorbed 
atoms superimposed on the normal potential difference 
between the electrode and the ionic layer in the solu ion. 
51. 
STJì1MARY 
A study has been made of the anodic and cathodic 
polarisation of platinium electrodes in nitrogen 
saturated sulphuric acid and sodium hydroxide solutio s 
at current densities between 200 x 10 -3and 4,000 x 10 3 
amps. 
In sulphuric acid solution the anodic process h 
been shown to consist of the removal of a layer of 
atomic hydrogen followed by a capacity change and fin.11y 
the deposition of a layer of atomic oxygen. The 
cathodic process is believed to be the reverse of the 
above, except that there is no capacity change effect 
between the removal of the adsorbed oxygen and the' 
deposition of the layer of hydrogen. 
A similar mechanism has been found to hold for 
the behaviour of platinium in sodium hydroxide soluti.n. 
The cathodic curve taken after an initial polarisatio 
with a small current shows the existence of a capacit 
change between the oxygen removal and hydrogen deposition 
processes. 
The results of the experiments prove that the 
adsorption of a layer of atomic hydrogen precedes the 
establishment of the hydrogen overvoltage. It is 
suggested that the mechanism whereby the adsorption 
takes place is similar to that put forward by Butler. 
The continuous .discharge of hydrogen once the overvol age 
has been established is assumed to take place by a 
mechanism similar to that put forward by Gurney. 
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PART II 
THE ANODIC PASSIVATION OF GOLD 
IN 
HYDROCHLORIC ACID SOLJTION. 
54. 
IN'l'xODUCTION . 
A metal is described as passive, when it ceases 
to dissolve or dissolves very slowly while acting as 
the anode in an electric circuit or when treated with 
chemical reagents. Conversely it is described as 
active if under the same conditions it is vigorously 
attacked. 
The phenomena was first discovered by Keir in 
1790.(1) Keir observed that iron after treatment with 
concentrated nitric acid, lost the power of precipitating 
silver and copper from solutions of their salts, also 
that it was no longer attacked by dilute nitric acid. 
The active condition was restored by scratching, cont ct 
with ordinary iron, or by a light blow. This phenom na 
was rediscovered by Wetzlar in 1827. 
The next important contribution to this subject 
was made by Schönbein(2) who incidentally introduced 
the terms "activity" and "passivity". Schonbein 
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showed that iron could be made passive by making it t 
anode of a cell in which oxygen acids were used as 
electrolytes - so called "anodic polarisation'. 
Faraday's name is also associated with the early 
development of the subject. He put forward the view 
that the phenomena was due to the formation of a film 
of oxide on the electrode surface. Faraday's theory 
held its own until Hittorf(4 showed by his work on 
chromium that it had to face considerable difficultie-, 
and that the properties of an oxide responsible for 
passivity would need to be different from those of any 
known oxides of the metal. 
Since the begining of the present century many 
investigations and extended researches have been 
carried out, the results of these may be summarised 
follows:- 
(1). Though the passive state is best known in 
connection with iron, cobalt, nickel and chromium, 
most other metals can be made to show this state. 
(2). That passivity is induced by various oxidis'ng 
agents i.e. HE 03, H2Cr04, and HC103; by alkali hydro ides, 
and by anodic polarisation in a variety of electrolyt s. 
(3). That the passivated metal returns to the ac ive 
state sooner of later, when the force inducing passivity 
is removed. 
(4). That rubbing or scratching destroys passivi y. 
Treatment with acids, particularly the halogen acids, 
cathodic polarisation, and heating favour the active 
state. 
(5). On anodic polarisation the metal becomes 
much more positive and either dissolves relatively 
slowly, or in a different ionic state, or not at all, 
when the equilibrium potential is reached. When the 
metal itself does not dissolve, the anion or oxygen 
is discharged instead. 
(5). The nature of the anion has a considerable 
specific influence on passivation. 
As to the explanation of the above facts conside cable 
difference of opinion exists, and a number of theorie- 
have been put forward with a greater or less degree 
of recognition. The oxide theory of Faraday is 
believed by most authorities to be the most feasible. 
The alteration in the chemical properties of iron and 
other metals, when they become passive has also been 
attributed to a change in the electronic structure of 
the metal, thus iron which in the normal state has 
a 2,8,14,2, configuration,is supposed to change to 
2,8,8,8, on passivation, giving a rare gas structure. 
According to yet another theory, thepassive 
state is supposed to be the normal state, but the 
metal is rendered active by the presence of a catalyst, 
hich must therefore be removed before the metal becom s 
ascive. 
Many have hesitated to accept the oxide theory 
57. 
because (1), in many cases no oxide film is visible 
when the metal is passive, and (2), because iron 
which is covered by a visible oxide film as a result 
of heating, is often not passive. On general ground, 
however, it seems at least possible that the productión 
of passivity of iron by immersion in a solution of 
oxidising agents or by anodic treatment may be due t 
or 
a film too thin to be visibleAto give rise to inter- 
ference colours. Indeed it is clear that the greater 
the secific protective character of the material 
composing the film the less likely it is to reach a 
thickness which would make it visible, since the film 
will hinder its own growth, by excluding the oxidising 
material from the metal below. It is only when the 
protective character of the material is imperfect 
is a visible film to be expected. Thus it can be 
concluded that an efficient protective film will always 
remain invisible as long as it is in optical contact 
with the highly reflecting metal beneath. U.R.Evans,( S) 
has succeeded in isolating theoxide film responsible 
for the passivity of an iron anode in a solution Of 
dilute sulphuric acid. Evans was however unable to 
obtain a film from iron which had been passified by 
itric acid. Hedges(6)has,however, made a comprehensive 
study of the passivation of iron by nitric acid, and 




The anodic passivation of iron has been studied in 
detail by W .J. aller(7)in a quantative manner. An 
essential feature of the experimental conditions is t e 
elimination of disturbances at the anode due to 
convection currents. By the use of a horizontally 
disposed electrode, or shielded electrode, in place of 
the usual vertical electrodes, the products remain 
where they are formed. 
rJaller's experimental method is to observe the 
change of current density with time. One of the 
first results of this method was the demonstration that 
passivation is a time phenomena, and that the larger 
the current density the shorter the time required for 
passivation. In the case of iron in sulphuric acid 
solution the view is developed that FeSO4,a product 
of the reaction at the anode, accumulates at the anode 
surface until the solution in the immediate vicinity 
of the electrode becomes supersaturated. FcSO4.7H2011 
is then deposited onthe electrode surface. This 
deposit covers a large area of the electrode, and 
causes .a large increase of the current density at the 
exposed portions, with a consequent rise in the 
anode potential there. The film of sulphate is not 
identified with that causing passivity, but by screenijng 
off a large part of the anode surface, it may give 
rise to conditions which cause true passivity. Lüller 
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alls the first stage ".Bedeckungs - assivitdt" and the 
econd " Chemisch passivitdtt This increase in the 
urrent density causes the anode potential to rise to 
value at which reactions characteristic of the passi e 
tate can taxe place, namely some change in the electr nic 
tructure of the metal, so that it goes into solution 
+ + +. 
The product is easily hydrolysed and forms 
protective film of ferric oxide on the anode. This 
ilm gives rise to true passivity. 
Mailler further deduced theoretically a relation 
etween the growth of the deposit and the fall of current, 
hich is found to agree with the experimental results. 
ssuming that the film grows sideways only and the 
hickness remains constant, the change of the current 
with time t, is given by :- 
t = C + A ( 
i 2.3 
1 o i,- i) i i,v i - ii. 
here iois the initial current, i_. the residual current, 
and A are constants whose values can be calculated 
This sideways growth relation holds for iron in 
ulphuric acid in the early stages. In the later 
tages of the anodic polarisation, the film grows 
n thickness without sideways extension. Then the 
urrents il and i2 passing at times t1 and t2 are in 
ccordance with the formula : - 




where B is a constant depending on the area uncovered 
Like previóus investigators who have discussed t e 
problem qualitatively only, Muller regards the passiv.:ting 
film as being of a porous nature. He has shown 
quantatively how the potential assumed by the metal 
is related to the number and size of these pores. 
The activating influence of chlorides is traced to th 
ease with which such small ions can travel through the 
pores of the film, while the larger anions such as 
S0" and PO can penetrate them only with difficulty. 
Experiments on the anodic passivation of gold in 
hydrochloric acid solution have been carried out by 
Shutt and Walton(8) under vastly different conditions 
from those prevailing in Muller's experiments. In 
these experiments the formation of a solid precipitat 
at the electrode was rendered impossible by vigorous 
stirring. Instead of observing the change of curren 
with time, these authors applied a constant current t 
the electrode and observed the chane of electrode 
potential with time. A typical curve of anode poten ial 




A represents the potential attained immediately 
the current is switched on. This is followed by 
a steady fall of potential to the point B. Beyond 
this point the potential falls rapidly to C at which 
potential the full chlorine overvoltage is reached. 
The metal is now fully passive. Experiments of the 
above kind were carried out in various hydrochloric 
acid and mixed chloride solutions at current densitie 
up to 2.5 amps /cm.2 From these experiments the 
following points have been drawn. 
(1), There is a limiting current density Co, 
below which no passivation occurs, and the gold is 
continually dissolved. 
(2). The relationship betweenthe passivation 
time, i.e. the time lapsing from the moment the current 
is switched on to that at which passivation is attain d, 
and the current density takes the form, 
t - 
C - Co 
where t is the time of passivation, Co the limiting 
current density, C the actual current density. The 
value of Co was found to depend on the chlorine ion 
concentration, but not on the hydrogen ion concentration. 
(3). The presence of oxidising ions does not 
facilitate the anodic passivation. This is surprisi.' 
since it is to be expected that such ions would facili ate 
the formation of a protective oxide film. 
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Shutt and Walton conclude from their experiments 
that there are two distinct reactions taking place. 
(1). Dissolution of the metal. 
(2). The actual.passivation reaction, with the 
evolution of chlorine. 
According to the mechanism put forward by Shutt 
and Walton there is one stage in the passivation 
process which takes place slowly. This stage is 
assumed to be the adsorption of chloride ions on the 
metal surface. The velocity of adsorption on a fresh 
metal surface is proportional to the chlorine ion con- 
centration, and this represents the maximum rate at 
which gold dissolution can take place. Thus Co is 
a measure of the maximum rate of chloride ion adsorption 
and consequently of gold dissolution. For current 
densities greater than Co, a second electrochemical process 
sets in. This is assumed to be the discharge of hydroxyl 
ions and the formation of an oxide film on the anode 
surface. 
:Butler and Armstrong(a)take exception to the view 
that Co represents the maximum rate of adsorption of 
chloride ions on the electrode surface. It is pointed 
out that if Shutt and Walton's assumption is correct, 
K will represent the electrochemical equivalent of 
chloride ions adsorbed before passivation sets in, and that 
obtained 
the actual value of KAwould represent the adsorption 
of many layers of chloride ions. 
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From their own results K is identified with the 
original amount of chloride ions near theelectrode 
together with the amount which diffuses in before a 
constant diffusion layer is set up. The gold become 
passive when the chloride ion concentration near the 
electrode surface has been reduced to zero. A 
calculation of the thickness of the diffusion layer 
shows that it is of a value which is normally exgerie 
in diffusion phenomena. The conclusion arrived at 
is that experiments on the passivation time throw 
no light on the actual passivation process . 
It was, therefore, decided to extent the work 
of the above mentioned authors, and see if fresh data 
could be obtained which would enable one to decide 
between the opposing theories. Experiments on the 
time of passivation were,therefore,carried out with 
currents much larer than those used by Shutt and Wal 
The passivation times were extremely small, in some 
cases less than 1 /500th. of a second. It was though 
that by reducing the passivation times to such a shor 
interval the complicating diffusion effect would be 








EX RI MENTAL 
The method used to record the rapid changes of 
electrode potential was similar to that previously 
,described. 
Electrolytic cell, FiE II shows the type of 
cell used. The test electrode a, had an exposed are 
of 0.5 sq.cm. (A few results were obtained with ele trodes 
of 0.25 sq.cm., these have been corrected for the 
difference in area.) The electrodes were made by 
spot welding the gold foil to a gold wire sealed into 
the end of a piece of glass tubing. The back and sires 
of the electrode were covered with soft glass leaving 
one face exposed to the solution. Connection to the 
standard calomel electrode was made via the ground 
glass joint b. The auxiliary electrode c consisted 
of a cylinder of platinium foil. The solution could 
be stirred vigorously by the stirrer d, the solution 
impinging on the exposed face of the electrode. The 
tip of the standard calomel electrode was drawn out to 
a fine point so as to produce as little disturbance ate 
the electrode as possible. 
Preparation of the electrolytes. The various solutions 
were prepared from A.R. hydrochloric acid and water 
distilled in a pyrex apparatus. 
Standard electrode. The electrode potentials were 
reasured against a normal calomel electrode. The 
measured values of potential were reduced to the 
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standard hydrogen scale by adding +0.282 volts. 
All experiments were carried out at a temperatur 
of 17° to 18°C. 
Results 
The equilibrium potential of a gold electrode in 
hydrochloric acid solution was about +1.2 volt. 
On applying the anodic current there was an instantaneous 
fall of electrode potential. The amount of this 
initial drop depended on the current used, being 
greater with the larger currents than the smaller. 
a z 
i- in seca hadS, 
A steady fall of electrode potential now took place, 
the rate of fall was also found to depend on the 
current. (stage a fig .IIb) . A more rapid fall of 
electrode potential then took place,(stage b), the 




electrode was now fully passive. The passivation 
time T was measured from the instant the current was 
switched on to that at which the electrode became 
fully passive, i.e. to the point c. The passivatio 
time was found to depend on the concentration of the 
hydrochloric acid solution and the current passed. 
Measurements of the passivation time were made 
over a wide range of current densities in a series of 
hydrochloric acid solutions. These ranged from 
0.1 r' . to 4.98 N. In the case of individual solutio 
the current was pushed up to the maximum possible. 
The limiting factor in the case of the 0.1 N solution 
was its resistance. This not only limited the curre 
.*hick could be passed but also produced a large drop 
of potential between the test electrode and the tip 
of the standard calomel electrode. With the 4.98 N. 
solution the limiting factor was the heating of the 
solution and the electrode. The largest current 
passed with this solution was of the order of 24amps/ 
The results obtained were reproducible and different 
samples of the metal gave similar results. 
The effect of stirring on the passivation time 
was also investigated. It was found that with the 
smaller currents, stirring increased the time require 
for passivation, but withthe larger currents it had 
no effect on the passivation time. All the results 
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Fig.III shows the relationship between the quantity 
of current required for passivation iT and the current i 
passed. The figures are for electrodes of 0.5 sq.cm. 
From fig.IV we see that the current i is proportional 
to 1 /T, and that this holds at the highest currents. 
This verifies the equation given by Shutt and Walton 
namely that 
(i - iß = K/T 
where io is the limiting current density, i.e. the 
least current required to produce passivation, and 
K is a constant. 
From fig.IV the values of io for the various sol tions 
were obtained. These are tabulated in table I. Th: 
slopes on the curves give the values of K for the 
different solutions, these are tabulated in table II. 
As a check, a plot was made of iT against T, fig. V, 
and the values of K and io obtained are given in the 
respective tables. 
Table I 
N ioramh4 idpmb,, io(mean2 
0.1 0.15 0.18 0.165 
0.5 0.30 0.24 0.27 
1.1 0.80 0.62 0.71 
2.49 1.40 1.00 1.20 
4.98 2.10 1.98 2.05 
id obtained from fig.IV. io obtained from fig.V. 




1~T K * (coult) + K (cou/s.) K me an )(cou /4 
0.1 1.25x103 1.20x10 1.20x10 
0.5 4.75 -- ,160 -- 4.67 -- 
1.1 8.00 -- 9.20 -- 8.60.-- 
2.49 1.75x17)2 1.60x12 1.67x104 
4.98 3.85 -- 4.00 -- 3.92 -- 
K* from fig.V. K+ from fig.IV. 
The relationship between io and the acid concentration 
is a linear one, see fig VI. The values of io 
determined by Shutt and Walton are also shown. Fig.VII 
shows that there is also a linear relation between 
K and the hydrochloric acid concentration. The 
values of K determined by Shutt and Walton are also 
given. It is seen that the values of K at the 
higher acid concentrations differ considerably from 
those obtained by Shutt and Walton. The reason for 
this may be due to the different experimental method 
used Shutt and Walton used a commutator to make 
and break the current, a series of oscillograms being 
taken one after the other. In the present series of experiments, 
however, only one oscillogram was taken at a time 
with a five minute interval between each. Shutt 
and Walton have shown that increasing the temperature 
increases K. It is possible, therefore, that the discihepancy 
in the values of K at high acid concentrations is 
r 
8.Sho(t f Walfon. 
ro 
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N K*Rook1 K + (cows.) K(mean)(Coc,h) 
0.1 1.25x105 1.20x10 1.20x10' 
0.5 4 . 75 -- 4.60 -- 4.67 -- 
1.1 8.00 -- 5.20 -- 8.60.-- 
2.49 1.75x102 1.60x1C`- 1.67x102 
4.98 3.85 -- 4.00 -- 3.92 -- 
K* from fig.V. K+ from fiE.IV. 
The relationship between io and the acid concentration 
is a linear one, see fig VI. The values of io 
determined by Shutt and Walton are also shown. pi8.VII 
shows that there is also a linear relation between 
K and the hydrochloric acid concentration. The 
values of K determined by Shutt and Walton are also 
Eiven. It is seen that the values of K at the 
higher acid concentrations differ considerably from 
those obtained by Shutt and Walton. The reason for 
this may be due to the different experimental method 
useá. Shutt and Walton used a commutator to make 
and break the current, a series of oscillograms being 
taken one after the other. In the present series of experiments 
however, only one oscillogram was taken at a time 
with a five minute interval between each. Shutt 
and Walton have shown that increasing the temperature 
increases K. It is possible, therefore, that the discrepancy 
in the values of K at high acid concentrations is 
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due to a heating of the solution or the electrode 
by taking a series of oscillograms in rapid succession. 
70. 
DISCUSSION. 
The results obtained from the experiments just 
described show that the equation (i - io)T = X holds 
up to the highest current densities it was possible t 
employ. Cutting down the passivation time has,there ore, 
resulted in no modification of the anodic process. 
If the actual passivation process with the smaller 
currents is obscured by a diffusion phenomena, increa-ing 
the current density to the maximum practical value, 
still leaves the process obscured. From this it 
appears that an essential feature of the passivation 
process is the reduction of the chloride ion concentration 
at the electrode surface to zero or nearly so, before 
passivation takes place. This reduction may take 
place as a result of gold dissolution, probably as 
r 
AuCl4 When the chloride ion concentration has bee 
sufficiently reduced the passivation process then co Fences. 
Experiments on the anodic oxidation of gold in 
sulphuric acid solution by Armstrong and Butler(10) 
have shown that oxygen is first deposited on the electrode 
in an adsorbed condition and a definite oxide is 
formed by the rearrangement of the (AuOx) surfacé 
layer. It is reasonable to suppose that some such 
process is responsible for passivation in chloride 
solution. The discharge of chloride ions which have 
diffused through the diffusion layer will, however, 
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occur concurrently with the passivation process. 
It is now necessary to see if the quantity of 
current passed before passivation sets in is of the 
order required to set up a diffusion layer at the 
electrode surface. The value of K may be taken to 
represeñt the quantity of current required to set up 
a diffusion layer, this value will include the amount 
of current required to discharge those chloride ions 
which diffuse in while the layer is being set up. 
The thickness of the layer may be obtained from the 
expression, 
-2 x 1000 
cSF 
where c is the concentration of hydrochloric acid, ó (c 
the thickness of the diffusion layer and F the electrc 
chemical equivalent. 
From table III we see that the thickness of the 
diffusion layer remains practically the same for all 
concentrations of hydrochloric acid. The values of ó 
are also of a magnitude normally found in diffusion 
phenomena associated with the dissolution of solids 
under conditions of vigorous stirring. 
The removal of chloride ions at the electrode 
has been assumed to be by the dissolution of gold and 
the formation of AuCl4 ions. The reaction at the 
electrode is, 





din cm. 2i 
(Owlri 1 
g in cm. 
i 
0.1 2.4x10- 4.8x10-4 0.37 6x10-4 
0.5 9.3 -- 3.7 -- 0.54 1.8x10-3 
1.1 1.72x10-2 3.2 -- 1.42 1.5 -- 
2.49 3.3 -- 3.6 -- 2.40 2.0 -- 
4.98 7.8 -- 3.2 -- 4.10 2.4 -- 
From this equation the thickness of the diffusion 
layer may also be calculated. During the passage of 
3 faradays i4 equivalents of chloride ion react with 
the gold. The rate of l°emoval of the chloride ion 
at the surface in this reaction is 4i /3F equivs.per s c. 
r 
If Na, is the transport number of 01 then the rate 
at which chloride ions are carried up to the surface 
is iNa /F. Hence i(4/3 - Na) /F is the net rate of 
depletion. The limiting current io which corresponds 
to the rate of diffusion to the electrode in the steady 
state is thus equivalent to a rate of diffusion of 
io(4 /3 - Na)/F. Let d be the thickness of the diffusion 
layer and assume a constant diffusion gradient. Let 
c be the concentration of chloride ion in the bulk of 
the solution and assume the concentration of chloride 
at the electrode to be zero. The diffusion gradient 
is therefore, c% , and the diffusion rate Dc /e , where 
D is the diffusion coefficient. Thus:- 
Dc/6 = i0(4/3 - Na)/F 
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D is taken as 2 x 10 -5 2 cm F is 5 x.105 coulombsJ 
(4/3 - Na) may be taken as unity. The values of 
obtained from this equation are also given in table III, 
and are in reasonably good agreement with those obtained 
by the first method. It may be mentioned here, that 
the temperature coefficient observed by Shutt and 
Walton is of the order of 0.03, which is of the 
magnitude of those commonly met with in diffusion 
phenomena. 
The problem of the setting up of a diffusion 
layer at the surface of an electrode has been studied 
by Sand(11). He has determined how the concentratio 
of depolariser at the electrode surface varies with 
time and the current density, from that in the bulk 
the solution. 
The electrode is supposed to be placed to be 
in a stationary solution of a depolariser which extends 
infinitely in a direction normal to its surface. If 
a constant current is passed, then the problem may 
e treated by a modification of Fick's Law. If c be 
he concentration of the reactant at a distance x from 
he "electrode, then the variation of c with the time t 
f 
dc /dt = K d2c /dx2 (1) 
!here K is the diffusion coefficient of the reacting 
ubstance. Sand now makes the assumption that the 
ate of diffusion per unit area, K(dc /dx), immediately 
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at the electrode surface, where x = 0, is,equal to th rate 
at which the depolariser is being used up and so is 
proportional to the current density i. The different al 
equation can now be solved for x = 0, so as to give 
the variation of the concentration of the depolariser 
at the electrode surface with the time. The solutio 
to this equation obtained by Sand is:- 
c = co - 1.13/96500 (1 - fa)ifT/K - --(2 
where co is the concentration of the reactant in the 
bulk of the solution and Na the transport number of 
the anion. 
This equation simplifies to, 
c = co - k i t/K - - -- (3)* 
If we put c = 0, then the time taken for the 
concentration of the reactant at the electrode surfac 
to fall to zero can be obtained 
co =kt/K 
or t = k (co/i)` 
r 
where k = (k /K). 
Thus if we carry out a series of determinations of 
t at different current densities in the same solution, 
i.e. for co = const., then, 
l/t a i2 
The experimental result which we have obtained is, 
1/t a i . 
Sand has,however,made the assumption that i = Kd 
* Assuming that no depolariser is brought up to 
or removed from the electrode by ionic transport. 
/dx 
at the electrode. This assumes that dc/dt at the 
electrode is relatively small. It is doubtful if 
this is fulfilled in these experiments. IT the 
necessary correction is made to the differential 
equation (1) its solution becomes extremely difficult. 
But at least it can be concluded that the Sand result 
is not necessarily fatal to the attribution of the 
observed effects to a diffusion phenomena. 
76. 
Summary. 
A study of the time of passivation of gold has 
been made in a series of hydrochloric acid solutions. 
For a given concentration of hydrochloric acid the 
equation (i - io)T = K holds for all current density 
provided the solution is vigorously stirred. This 
equation is similar to that obtained by Shutt and 
Walton working at lower current densities. 
A linear relation has been found to exist betwee 
io, the limiting current density and the acid concentration. 
A similar relation also holds between the constant K 
and the hydrochloric acid concentration. 
The results obtained have been interpreted on 
the basis of a diffusion theory. The time of passiv.tion 
is taken to be the time required to set up a diffusio 
layer at the electrode surface. The reduction of 
the chloride concentration at the electrode surface 
to nearly zero is assumed to be necessary before 
the passivation of the electrode can take place. 
Two methods have been given whereby the thicknes 
of the diffusion layer at the electrode can be determined 
The results are in reasonable agreement with eachothe 
and are of the order normally encountered in diffusio 
phenomena. 
A reason for the non -application of sand's 
equation has been suggested. 
77 
In conclusion, I would like to express my thanks 
to Dr.J.A.V.Butler for his continued interest in the 
work and helpful critism during the course of the 
research. 
I have also to thank the Royal Society for a 
grant towards the purchase of apparatus. 
Finally, I wish to acknowledge my indebtedness 
to the Carneie Trust for the grant of a Research 



















(4) Zeit. f. Phys. Chem. 25, 729, 1898. 
30, 481, 1899. 
(5) Nature. 126, 130, 1930. 
(6) J. Chem. Soc. - 969, 1928. 
(7) "Passivität der Metalle" Vienna. 
Trans. Far. Soc. 27, 737, 1930. 
(8) Trans. Far. Soc. 30, 914, 1933. 
28, 740, 1931. 
f , 
29, 1209, 1932. 
636, 1934. 
(9) Trans. Far. Soc. 30, 1173, 1933. 
(10) Proc. Roy. Soc. 143A, 89, 1933. 
(11) Phil. Mag. 1, 45, 1901. 
